oligonucleotides, we studied here the EDD fragmentation pathways of oligonucleotides of 7 varying length. We chose polythymine oligonucleotides because these are the least prone to 8 secondary structure formation, and found complete sequence coverage by EDD for up to dT 20 . 9
M a n u s c r i p t (absolute intensity of some products increase upon DR), the following procedure was used to 20 assess whether the abundance of a product significantly decreased upon double resonance. 21
First, several (at least three) EDD spectra without double resonance were acquired. The peak 22 intensities were then normalized relative to several reference products that are not affected by 23 the double resonance event. The chosen reference products varied for each double resonanceA c c e p t e d M a n u s c r i p t 7 intensity and their m/z must not be close to that of the ejected ion. Then, we have considered 1 that a particular product was affected by DR event only if a significant decrease of its 2 normalized intensity relative to each reference ion was observed. CID fragmentation was performed in the collision hexapole of the Apex-Qe by increasing the 8 potential at the collision cell entrance to 20-30V, depending on the oligonucleotide. IRMPD 9 was performed using a 25 W CO 2 laser (Synrad, Mukilteo, WA) with a wavelength of 10.6 m. 10
The laser beam passes through the centre of the hollow dispenser cathode. Ions were irradiated 11 for 100 ms at 50% laser power. 12 The objective of studying the effect of oligonucleotide length is to classify fragmentation 18 pathways into two categories: (1) ergodic fragmentation channels with a relatively high 19 threshold will be less favored as the number of degrees of freedom (hence the length) of the 20 oligonucleotide increases, whereas (2) non-ergodic fragmentation channels and ergodic 21 fragmentation channels with a relatively low threshold (as can happen in the fragmentation of 22 radicals [39]) will remain observable as the length increases. 23
A c c e p t e d M a n u s c r i p t 8 Hakansson et al. reported complete sequence coverage for 6-mer oligonucleotides upon EDD 1
[31], but have shown that complete sequence coverage was difficult to obtain on 15-mers with 2 mixed sequence due to secondary structure formation (hairpins) [32] . Here, in order to avoid 3 sequence-related conformational effects and to study the fragmentation pathways and 4 sequence coverage as a function of the oligonucleotide length, experiments were performed 5 on oligonucleotides containing thymines exclusively. Polythymine sequences are the least 6 prone to form secondary structures because the T-T base pair is the weakest of all natural and 7 unnatural base pairs [40] . 8 9 We studied the nature of the obtained products upon electron bombardment as a function of 10 the oligonucleotide length, with no other activation than that imparted by the electron 11 bombardment (as opposed to activated-ion EDD reported in [32] ). Some experimental 12 limitations were encountered: to observe the complete fragmentation pattern from the 13 dissociation event, it was important to have a sufficient signal. In fact, the ratio between the 14 intensities of the products (event-and odd-electron products) and the precursor ion was very 15
small (a few percent) upon electron bombardment. Consequently, even if product ions were 16 not detected during the experiment, some products could be present in the noise of the 17 spectrum. Therefore, the charge state for all oligonucleotides was selected based on the peak 18 intensity (> 2 × 10 6 ), to ensure that most products are detected. Due to the palindromic nature 19 of the sequence, ions tagged a can also be z ions, ions tagged w can also be d ions, ions tagged 20 c can also be x ions and ions tagged y can also be b ions. Furthermore, due to the fact that the 21 sequence is homogeneous, products identified as (c/x-TH) ions series could also be internal 22 products resulting from double fragmentation: w-type cleavage at the 5' side and by a (a-23
A c c e p t e d M a n u s c r i p t Figure 2 shows all fragments and the charge states that have been detected. Note that for dT 3 1 and dT 4 , experiments were performed only on the singly charged precursor ion due to the 2 insufficient intensity of the doubly charged species. Therefore, their charged product ions 3 must be due to electron-induced dissociation (EID) and not electron detachment dissociation 4 (EDD). For dT 3 to dT 10 , we detected many a/z, (a/z-TH), c/x, (c/x-TH), w/d ions (closed shell 5 species) and many a/z and c/x radical ions. These radical ions are identified by calculating 6 their exact mass (which is equal to the one of the analogous closed shell species minus one 7 hydrogen atom) and by checking their isotopic distribution. The first peak of the isotopic 8 distribution is identified, and the theoretical isotopic distribution is overlapped to check for 9 the potential contribution of another species containing additional hydrogens. Neutral losses 10 EDD fragmentation process, and that the parent ion with a base loss (M-TH) n-was not. Here 8 we extend the study to polythymine oligonucleotides of varying length, from dT 4 , to dT 15 . 9
Additionally, ejection of c/x ions was also investigated. 10 In conclusion, some of (a/z-TH) ions clearly originate from the decomposition of the 2 corresponding a/z radical ions, but other do not. This is not length-dependent, as both smaller 3 and larger oligonucleotides than dT 6 fail to reveal a significant linkage between (a/z-TH) and 4 a/z ions. Furthermore, the observation that (a/z-TH) fragment ions are reduced but do not 5 totally disappear when the corresponding a/z radical ion is resonantly ejected can be 6 interpreted in two ways. Either several formation channels coexist and their relative 7 contribution is a function of the length of the oligonucleotide and of the a/z radical ion that is 8 ejected, or all (a/z-TH) ions derive from a/z radical ions but the reaction kinetics changes as a 9 function of the length of the oligonucleotide and of the a/z radical ion that is ejected. 10 11 A limitation of the double resonance method is that the time it takes to eject an ion by 12 resonance ejection must be much faster than the time required for the consecutive products to 13 form from the ejected product. Products may be formed and detected before ejection is 14 complete [38] . For the DR-EDD experiment on dT 5 ions may also be internal products (structure in Figure 1a) . The fact that they are not affectedM a n u s c r i p t As suggested by its name, EDD fragmentation supposedly happens through further 21 decomposition of the charge-reduced species. However, as shown above, electron-induced 22 fragmentation of singly charged short oligonucleotides results in similar fragments as the 23 doubly charged pentamers and hexamers. Furthermore, some doubly charged EDD fragmentsM a n u s c r i p t 14 investigated whether the oligonucleotide length influenced the extent to which charge reduction 1 is essential to fragmentation. 2 3 DR-EDD experiments on charge-reduced species were performed on dT 5 , dT 6 , dT 10 and dT 15 . 4
For dT 5 2-, when (M-2H) - radical ion is ejected, a weak decrease of product abundance was 5 observed, but a majority of products were still detected, including all a/z radical ions. As odd-6 electron product formation from even-electron species is very unlikely, we conclude that the 7 fragmentation of dT Finally, in order to compare electron detachment in EPD and EDD, we studied quantitatively 7 the detachment efficiency as a function of the nature of the nucleobases. The fraction of charge-8 reduced species was determined by adding all radical products to the charge-reduced species, 9 because radical ions are originated from subsequent decomposition of dB 6 - (section 3.2.4). 10 Figure 7 shows the electron detachment efficiency normalized to that of dC 6 . In EDD, the 11 fraction dB 6 - relative to the parent ion evolves as follows: dG 6 2-> dT 6 2-> dA 6 2-> dC 6 2-. This 12 figure shows that electron detachment in EDD is nucleobase-dependent. also be z ions, ions tagged w can also be d ions, ions tagged c can also be x ions and ions 10 tagged y can also be b ions. Some fragments were observed at more than one charge state. 11
These different charge states are separated by a "/" symbol. 
